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• In this 2013 study, we continued monitoring bird egg mercury concentrations in response to the restoration of the Pond A8/A7/A5 Complex to a potential tidal marsh in the future. The restoration of the Pond A8/A7/A5 Complex began in autumn 2010, and the Pond A8 Notch was opened 5 feet (one of eight gates) to muted tidal action on June 1, 2011, and then closed in the winter. In autumn 2010, internal levees between Ponds A8, A7, and A5 were breached and water depths were substantially increased by flooding the Pond A8/A7/A5 Complex in February 2011. In June 2012, 15 feet (three of eight gates) of the Pond A8 Notch was opened, and then closed in December 2012. In June 2013, 15 feet of the Pond A8 Notch again was opened, and the Pond A8/A7/A5 Complex was a relatively deep and large pond with muted tidal action in the summer.
• This report synthesizes waterbird data from the 2013 breeding season, and combines it with our prior study's data from 2010 and 2011.
Approach
• We tested the effect of the Pond A8 restoration project by examining changes in waterbird egg mercury concentrations over time (2010, 2011, and 2013) at the Restored Ponds (Pond A8/A7/A5 Complex) in relation to Reference Ponds that were outside the restoration area.
Results
• We sampled 60 Forster's Tern (Sterna forsteri) and 60 American Avocet (Recurvirostra americana) (hereafter referred to as "Tern" and "Avocet," respectively) eggs during the 2013 study. Together with our historical dataset from 2010 and 2011, the total sample size of eggs included in this report was 180 Tern and 224 Avocet eggs. 
Conclusions
• Despite the significant increase (2010) (2011) and correspondingly large decrease (2011) (2012) (2013) 
Introduction
Two of the most significant anthropogenic changes in the San Francisco Bay estuary over the past 150 years are the loss of more than 85 percent of fringing tidal wetlands (Goals Project, 1999) and the contamination of the estuarine food web with mercury (Hg). These effects are particularly pronounced in the South San Francisco Bay (South Bay), which, historically, was fringed with extensive tidal marshes and which receives drainage from New Almaden, the largest historic Hg mine in North America. Extensive wetland restoration in the South Bay aims to return tidal marshes and the important ecosystem function that these wetlands provided. However, high rates of methylmercury (MeHg, the most toxic and bioaccumulative form of Hg) production, export, and bioaccumulation have been associated with wetlands relative to other water bodies (Hurley and others, 1995; Krabbenhoft and others, 1999; Waldron and others, 2000; Marvin-DiPasquale and others, 2003) . Therefore, Hg bioavailability potentially could increase in the South Bay as former salt ponds are restored to tidal marsh and other habitats that receive bay water during parts of the year. This is a particularly important concern, because Hg concentrations in tissues and eggs of birds in the South Bay exceed toxicological thresholds (Ackerman and Eagles-Smith, 2008, unpublished) , and there is evidence that Hg may be impairing egg hatchability, chick survival, and body condition of birds in San Francisco Bay (Ackerman and Eagles-Smith, 2008, unpublished; others, 2008a, 2012a) . Thus, any increase in MeHg production and subsequent bioaccumulation in waterbirds may further impair bird reproduction, as well as other wildlife and associated human health risks.
For the South Bay Salt Pond Restoration Project, one of the first major restoration management actions was the breaching of the internal levees that separated Ponds A5, A7, and A8, which was done during the winter of 2010-11 in preparation for restoring muted tidal action to the newly formed Restored Ponds A8, A7, and A5 (hereafter referred to as "the A8/A7/A5 Complex"), beginning on June 1, 2011. Tidal exchange was facilitated by the construction of an adjustable 40-ft-wide weir-like notch in the southeastern corner of Pond A8 (A8 Notch), which reconnects hydrologic flow between the A8/A7/A5 Complex and Alviso Slough for 6 months of the year (about June 1-November 30), with the A8 Notch closed during the remainder of the year because of permit restrictions to protect anadramous fish. Concerns about the construction of the A8 Notch and the opening of the A8/A7/A5 Complex include sediment scour and redistribution of Hg in adjacent Alviso Slough (where total mercury [THg] concentrations in sediments were 3 times higher than in the greater South Bay; Marvin-DiPasquale and Cox, 2007) , and potential changes to MeHg biomagnification in the A8/A5/A7 Complex, Alviso Slough, and the larger South Bay Salt Pond Restoration Project area.
In Pond A8, MeHg concentrations in the biota and sediments are among the highest of any measured in wetlands in the entire South Bay others, 2007a, 2007b, unpublished; Ackerman and Eagles-Smith, 2008, unpublished; Miles and Ricca, 2010; others, 2012b, unpublished, 2013a, unpublished) . It is unclear how Hg cycling within the A8/A5/A7 Complex will progress with the periodic opening and operation of the Pond A8 Notch.
During the initial study of the Pond A8 restoration, Ackerman and others (2013a, unpublished) noted that egg mercury concentrations in the Forster's Tern (Sterna forsteri, hereafter referred to as "Tern") increased substantially between 2010 and 2011 at Restored Ponds A8 and A7 (an average increase of 74 percent or 1.22 µg/g fww), but were similar between years at Reference Ponds A1 and A2W outside of the restoration area (change of -9 percent or -0.04 µg/g fww). For American Avocets (Recurvirostra americana, hereafter referred to as "Avocets"), the change in egg mercury concentrations between years in Restored Ponds (-3 percent or -0.011 µg/g fww), relative to Reference Ponds (-0.4 percent or -0.008 µg/g fww), was small. After the restoration activities, 100 percent of Tern eggs and 14 percent of Avocet eggs within Restored Ponds A7 and A8 exceeded the 0.90-µg/g fww toxicity threshold. Similarly, the restoration activities between 2010 and 2011 increased mercury concentrations in fish in the Restored Pond A8/A7/A5 Complex relative to ambient mercury concentrations in the Reference Ponds.
These increased mercury concentrations in biota occurred in the year immediately following the construction actions and initial opening, but it was uncertain whether high mercury concentrations in bird eggs would continue in the Pond A8/A7/A5 Complex as this restored habitat was further developed and the Pond A8 Notch was widened further. The authors suggested that the South Bay Salt Pond Restoration Project should develop and implement a long-term monitoring strategy for methylmercury exposure to nesting waterbirds to document changes in bird-egg mercury concentrations in the Pond A8 restoration project as well as throughout the South Bay Salt Pond Restoration Project area as other restoration and enhancement projects are constructed. Therefore, the South Bay Salt Pond Restoration Project, U.S. Environmental Protection Agency, and State of California Coastal Conservancy funded the U.S. Geological Survey in 2013, 2 years after the Pond A8 Notch was opened, to document near-term trends in waterbird egg mercury concentrations.
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Study Area
Within the South Bay Salt Pond Restoration Project boundaries, the main study sites were within the Don Edwards San Francisco Bay National Wildlife Refuge and Eden Landing Ecological Reserve ( fig. 1 ). The study focused on the Pond A8/A7/A5 Complex and Reference Ponds A1, A2W, AB1, N4/N5, E2, SF2, and New Chicago Marsh (NCM). Reference sites were critical to assess baseline "ambient" Hg bioaccumulation that was not associated with the restoration activities that occurred in the Pond A8/A7/A5 Complex. 
Methods
We monitored MeHg concentrations in randomly collected Tern and Avocet eggs at more than four colonies per species per year in 2010, 2011, and 2013 (fig. 1 ). Colony locations for Tern and Avocet egg collections were selected to include two primary nesting colonies in the restored area (Ponds A8 and A7) and two nesting colonies outside of the immediate vicinity of the Pond A8 restoration area to act as reference sites (Ponds A1 and A2W in the Moffett Salt Pond Complex). For Avocets, reference nesting colonies also were included in five additional pond units (NCM and Ponds AB1, E2 [not in 2013] , N4/N5 [not in 2013] , and SF2). We randomly sampled one egg from as many as 15 nests per colony for each species during the 2010, 2011, and 2013 nesting seasons. We refrigerated collected eggs until laboratory processing, at which time we measured egg size and volume, dissected and opened each egg, removed all egg contents and placed them in a polypropylene jar, and froze the egg at -20 ºC until THg analysis.
Mercury Determination
The mean percentage of THg in the MeHg form in bird eggs is 96 percent (Ackerman and others, 2013b) ; therefore, THg concentrations were used to estimate MeHg concentrations in bird eggs. We processed and analyzed all egg samples for THg at the U.S. Geological Survey, Dixon Field Station Environmental Mercury Laboratory, using a Milestone DMA-80 Direct THg Analyzer (Milestone Inc., Shelton, Connecticut) following U.S. Environmental Protection Agency Method 7473 (U.S. Environmental Protection Agency, 2000). THg concentrations in eggs were determined on a dry-weight basis and then converted to a fresh wet weight egg concentration using egg moisture content and a species-specific egg volume and egg density coefficient developed by J.T. Ackerman (U.S. Geological Survey, unpub. data, 2009). Quality-assurance measures included analysis of two certified reference materials (either dogfish muscle tissue [DORM-3 or DORM-4], dogfish liver [DOLT-3 or DOLT-4], or lobster hepatopancreas [TORT-2 or TORT-3] by the National Research Council of Canada, Ottawa), two system and method blanks, three continuing calibration verifications, and two duplicates per batch. Recoveries (mean ±SE) were 101.2 ±0.5 percent (N=125) for certified reference materials, 98.7 ±0.4 percent (N=178) for calibration verifications, and 96.9 ±0.5 percent (N=87) for matrix spikes. Absolute relative percent differences were 2.8 ±0.3 percent (N=111) for duplicates and 2.1±0.3 percent (N=43) for matrix spike duplicates.
Statistical Analysis
To test for changes in egg THg concentrations associated with restoration actions in the Pond A8/A7/A5 Complex, we performed linear mixed modeling (Pinheiro and Bates, 2000) to test for differences among wetlands and years for Terns and Avocets. Each species was analyzed separately and egg THg concentrations were log-transformed prior to analyses.
For Terns and Avocets, we tested the effects of the restoration actions by examining the differences in egg THg concentrations between (1) Restored Ponds and Reference Ponds, and (2) among years (2010, 2011, and 2013) . In addition to Pond Type (Restored Ponds compared to Reference Ponds) and Year, we also included Nest Initiation Date (standardized as day of the year), the quadratic form of Date (Date 2 ; for example, Eagles-Smith and Ackerman, 2009), and all two-way interactions (Pond Type×Year, Pond Type×Date, Year×Date), yielding a total of 31 models including the null model 7 (intercept and variance only). We did not include the Before or After the Pond A8 Notch opening test because we did not find it to be important for THg concentrations in Tern eggs in 2010 and 2011, and, in 2013 , few data were available after the Pond A8 Notch was opened. We used 180 Tern and 224 Avocet eggs in the modeling effort. In all models, we incorporated pond site (pond identification) as a random effect. We assessed model performance using model inference and Akaike's Information Criterion (specifically, the second-order metric, AICc; Burnham and Anderson, 2002) .
All predictions are model-averaged predictions, based on 1,000 simulations of each model weighted by the AICc weight of each model. The overall mean is the mean of these 1,000 simulations. We also present 90 percent credible intervals (hereafter referred to as "90 percent CI") between the 5th and 95th percentiles of the 1,000 simulations. We then backtransformed the results to provide estimates within the same scale as the observed data.
Results and Discussion
We sampled 60 Forster's Tern and 60 American Avocet eggs during this 2013 study. Together with the historical dataset from 2010 and 2011 others, 2012b, unpublished, 2013a, unpublished) , the total sample size of eggs included in this report was 180 Tern and 224 Avocet eggs. We monitored THg concentrations in as many as 15 randomly collected Tern and Avocet eggs from four or more nesting colonies per species, including Ponds A8 and A7 in the restoration area, as well as Reference Ponds outside of the immediate restoration area ( fig. 1 ).
American Avocets (Recurvirostra americana)
Across all ponds and years, egg THg concentrations in Avocets ranged from 0.02 to 1.99 µg/g fww, with a mean of 0.32 µg/g fww (N=224 eggs; table 1). Overall, 3 percent of randomly sampled Avocet eggs in 2013 exceeded the 0.90 µg/g fww toxicity threshold developed for Forster's Terns in San Francisco Bay (Ackerman and Eagles-Smith, 2008, unpublished) .
The most parsimonious model describing Avocet egg THg concentrations included pond type, year, date, and the year×date interaction, and had an Akaike weight of 0.24 (table 2) . Three other models containing year, date, and the year×date interaction plus either date², pond type, or pond type×date interaction had a change in AICc value of less than or equal to 2.0 from that of the most parsimonious model (ΔAICc≤2.0; table 2). All models containing year, date, pond type, and the year×date had a cumulative Akaike weight of 0.65. We estimated the relative importance of individual variables (calculated as the sum of all model weights where the variable was present) and determined that the data strongly supported effects of year (relative variable importance=1.00), date (0.95), and the year×date interaction (0.87). Pond type (0.75) had a moderate level of support, and date² (0.35), pond type×date interaction (0.25), and pond type×year interaction (0.11) had little support. To further 8 determine the importance of variables in the best model, we compared the best model to the same model structure, but omitted one of the variables of interest. Using this evidence-ratio approach, we estimated that the best model that included year was 14,673 times more likely than the same model without year. Similarly, the best model was 8.7 times more likely than the same model but without the date variable and 1.7 times more likely than the same model but without the pond type variable. The arithmetic mean of egg THg concentrations for Avocets by year for each pond is shown in figure 2 . The raw and modelpredicted (partial residual, which statistically accounts for the other variables in the model) egg THg concentrations for each Avocet egg by date for Reference and Restored Ponds is shown in figure 3 .
Model-predicted (at mean nest initiation day of year=129) mean egg Therefore, the restoration project has not changed the baseline Hg concentration trajectory in Avocet eggs at the Restored Ponds, and Ponds A7 and A8 still were considered to be Hg "hotspots" for Avocet eggs in 2013, similar to the finding of our prior research (Ackerman and others, 2007a (Ackerman and others, , 2007b (Ackerman and others, , unpublished, 2008a . For example, the arithmetic mean of Avocet egg THg concentrations in Restored Pond A8 was 0.57 µg/g fww in 2013, which is 420 percent higher than the highest primary reference site mean THg concentration in Avocet eggs at Pond A2W (0.11 µg/g fww; table 1). Moreover, 11 percent of Avocet egg Hg concentrations in the Restored Ponds in 2013 were higher than concentrations associated with reproductive impairment. Importantly, New Chicago Marsh (NCM), another highly contaminated site, also showed substantial decreases in egg THg concentrations in 2013. 
Forster's Terns (Sterna forsteri)
Across all ponds and years, Tern egg THg concentrations ranged from 0.44 to 7.33 µg/g fww, with an arithmetic mean of 1.63 µg/g fww (N=180 eggs; table 1). Overall, 60 percent of randomly sampled Tern eggs in 2013 exceeded the toxicity threshold developed for Forster's Terns in San Francisco Bay (0.90 µg/g fww; Ackerman and Eagles-Smith, 2008, unpublished) .
The most parsimonious model describing Tern egg THg concentrations included pond type, year, date, and the interactions pond type×year and year×date, and had an Akaike weight of 0.27 (table 3) . Furthermore, all models containing year, pond type, and pond type×year interaction had a cumulative Akaike weight of 0.99. Two other models containing these three variables plus either date or date², had a change in AICc value of less than or equal to 2.0 from that of the most parsimonious model (ΔAICc≤2.0; table 3). We estimated the relative importance of individual variables and determined that the data strongly supported effects of year (relative variable importance=1.00), pond type (0.99), date (0.94), and the pond type×year interaction (0.99). In contrast, year×date interaction (0.48), date² (0.29), and pond type×date interaction (0.23) had little support. Using evidence ratios, we estimated that the best model that included the pond type×year interaction was 3,295 times more likely than the same model without this interaction. Similarly, the best model was 9,930 times more likely than the same model but without the pond type variable, and 2.29×10 17 times more likely than the same model but without the year variable. There was some support for an increase in Tern egg THg concentrations with date, especially in 2011 after the Pond A8 Notch was opened. However, the influence of date on egg THg concentrations was relatively small relative to the effects of other variables. The arithmetic mean of egg THg concentrations for Terns by year for each pond is shown in figure 5 . The raw and model-predicted (partial residual) egg THg concentrations for each Tern egg by date for Reference and Restored Ponds is shown in figure 6 .
The overriding importance of year, pond type, and pond type×year interaction indicated that changes in Tern egg THg concentrations between years were not consistent among pond [Pond site was included as a random effect in all models. Model structure: The + denotes an additive effect and the × denotes an interaction. k: The number of parameters in the model, including the intercept and variance. AICc: Akaike's Information Criterion (AICc). ∆AICc: The difference in the value between AICc of the current model and the value for the most parsimonious model. Akaike weight t (w i ):The likelihood of the model given the data, relative to other models in the candidate set (model weights sum to 1.0). Cumulative model weight: The cumulative weight of evidence for the top models (model weights sum to 1.0). 
Management Implications
These results indicate that, although there was a significant short-term influence of the restoration actions on increased Hg bioaccumulation in Tern eggs the following year, this effect appeared to be short-lived. However, the restoration project apparently has not changed baseline mercury (Hg) conditions in eggs at the Restored Ponds-Ponds A7 and A8-are still Hg "hotspots" for bird eggs (especially in Tern eggs compared to other ponds in 2013) 2 years after the restoration action. For example, the arithmetic mean of Tern egg total mercury (THg) concentrations in Restored Pond A7 was 1.33 µg/g fww in 2013, which is 38 percent higher than the highest reference site at Pond A2W (0.97 µg/g fww) (table 1) . Moreover, most Tern egg Hg concentrations in the Restored Ponds in 2013 (70 percent) still remain higher than concentrations associated with reproductive impairment. Egg THg concentrations at these concentrations previously have been shown to reduce hatching success and nest survival, to increase the likelihood of embryos being malpositioned within eggs, to suppress baseline corticosterone concentrations in juvenile birds, to increase adult demethylation rates in bird livers, and to reduce adult body condition (Ackerman and Eagles-Smith, 2008 , unpublished, Ackerman and others, 2008a ,b,c, Eagles-Smith and others, 2009a ,b, Herring and others, 2010 , Ackerman and others, 2009 , Ackerman and others, 2011 , Ackerman and others, 2012a , Herring and others, 2012 .
Despite the significant increase and correspondingly large decrease in THg concentrations in Tern eggs at the Restored Ponds, both Tern and Avocet egg THg concentrations in the Restored Ponds still are similar to concentrations that would have been expected without the occurrence of the restoration actions. Although ambient egg THg concentrations in the south San Francisco Bay have decreased since 2010, the restoration actions apparently did not change the baseline Hg concentration trajectory in eggs within the Restored Ponds. In particular, Ponds A7 and A8 still are Hg "hotspots" for both Terns and Avocets 2 years after the restoration actions. It will be important to document whether egg THg concentrations continue to decrease in the future as the Restored Ponds continue to develop, the Pond A8 Notch is opened for a longer portion of the year, the gates are opened earlier (March 6 in 2014), and more gates are opened (currently [2014] only three of eight gates are being opened). With further decreases relative to the Reference Ponds, the Restored Ponds possibly could achieve lower egg THg concentrations than would have been expected without any restoration actions, but the South Bay Salt Pond Restoration Project has not achieved this goal as of 2013. These data suggest that continued monitoring of waterbird egg THg concentrations in the restoration project area, relative to reference sites, is warranted over a period of multiple years.
